Adverse early-life experience such as depriving the relationship between parents and children induces permanent phenotypic changes, and impairs the cognitive functions associated with the prefrontal cortex (PFC). However, the underlying mechanism remains unclear. In this work, we used rat neonatal maternal separation (NMS) model to illuminate whether and how NMS in early life affects cognitive functions, and what the underlying cellular and molecular mechanism is. We showed that rat pups separated from their dam 3 h daily during the first 3 postnatal weeks alters medial prefrontal cortex (mPFC) myelination and impairs mPFC-dependent behaviors. Myelination appears necessary for mPFC-dependent behaviors, as blockade of oligodendrocytes (OLs) differentiation or lysolecithin-induced demyelination, impairs mPFC functions. We further demonstrate that histone deacetylases 1/2 (HDAC1/2) are drastically reduced in NMS rats. Inhibition of HDAC1/2 promotes Wnt activation, which negatively regulates OLs development. Conversely, selective inhibition of Wnt signaling by XAV939 partly rescue myelination arrestment and behavior deficiency caused by NMS. These findings indicate that NMS impairs mPFC cognitive functions, at least in part, through modulation of oligodendrogenesis and myelination. Understanding the mechanism of NMS on mPFC-dependent behaviors is critical for developing pharmacological and psychological interventions for child neglect and abuse.
Introduction
Mammalian infants face a significant challenge in early life. Parent-infant relationships therefore can initiate long-term developmental effects that persist into adulthood (Govindan et al. 2010; Pechtel and Pizzagalli 2011; Di Segni et al. 2015; Kalpachidou et al. 2015) . Juvenile stressful experience, such as the separation of a newborn animal from its parents induce permanent phenotypic changes, and impair cognitive functions associated with prefrontal cortex (PFC) (Bock et al. 2005; Ventura et al. 2013; Bambico et al. 2015) . Adverse early-life experience accounts for >30% of all anxiety disorders and is associated with later emotional and behavioral dysregulation, including an increased risk of mental health disorders and substance abuse in later life (Merikangas et al. 2010; Malter Cohen et al. 2013) . In China, an estimated 61 million children live apart from their parents today, 40% of these children are under age 5, 70% of these "left behind children" do not get to see their parents annually (Zhang et al. 2015) . These children are experiencing significant mental health problems as well as cognitive function deficiency (Zhao et al. 2014 ). However, the underlying mechanism is not well understood.
Oligodendrocytes (OLs) are the myelinating cells in the central nervous system (CNS) (Nave and Werner 2014) . Myelin enables rapid transmission of action potentials through saltatory conduction (Bradl and Lassmann 2010; Nave and Werner 2014) , and provides trophic support and maintains axon integrity (Nave 2010; Funfschilling et al. 2012; Lee et al. 2012) . Thus, myelination plays critical roles in enabling higher-order cognitive functions, and abnormal myelination is associated with neurological disorders and mental illnesses (Baumann and Pham-Dinh 2001) . Recent studies provided intriguing evidence that myelination may be an underappreciated mechanism of social experience-and chronic stress-dependent nervous system plasticity in the medial prefrontal cortex (mPFC) Makinodan et al. 2012; Yang et al. 2016) , which receives input from all other cortical regions and functions to plan and direct motor, cognitive, affective, and social behaviors (Miller 1999 (Miller , 2000 Forbes and Grafman 2010; Euston et al. 2012) . Therefore, we ask whether rat pups conducted neonatal maternal separation (NMS) would affect mPFC myelination, and whether effects, if any, of NMS on myelination are important for the establishment of normal cognitive functions, what aspects of OLs development are regulated by NMS, and which molecular mechanisms underlie these events. If established, this would constitute a previously underappreciated mechanism of mental health problems as well as cognitive function deficiency happened on the "left behind children".
Here, we used a rat NMS model demonstrated that NMS significantly impairs myelination in the mPFC, this NMS-regulated dysmyelination is associated with deficient cognitive functions. We found that histone deacetylases 1/2 (HDAC1/2) were drastically decreased in NMS rats. We also discovered that inhibition of HDAC1/2 promotes Wnt activation, which negatively regulates OLs development and myelination. Together, these results suggest that the effects of NMS on myelination is likely to be mediated, at least in part, by inhibiting HDAC1/2 expression and promoting Wnt signal activation, which initiates "rewiring" of neural networks and decelerates myelination.
Materials and Methods

Animals
Neonatal Sprague Dawley (SD) rats were used in this study. On postnatal day 3 (P3), all pups were randomly assigned to control group (no separation), home cage (HC) group and NMS group. Maternal separation took place for 3 h per day (9:30 a.m. to 12:30 p.m. each day) from P3 to P21 as described previously with slight modification (Boku et al. 2015) . In NMS group, pups were isolated from the dam and siblings and placed in a separate cage with a heating pad (34°C) located in another room (Authement et al. 2015) . The pups were not disturbed and were returned to the home cage after 3 h. The rat pups in control group and HC group received the same amount of handling. All rats were weaned on P21, subsequent experiments were performed in juvenile (P21) or in adulthood (P60). All animal procedures were carried out in strict accordance with the principles of laboratory animal care and use approved by the Nanchang University Animal Care and Use Committee guidelines.
Maternal Behavior Observation
The behavior of each dam was observed during the NMS periods daily. Observers were trained by using video tapes and still photography to a high level of inter-rater reliability. Observations were performed at 3 periods during NMS phase (9:30 am, 10:30 am, and 11:30 am) . Within each observation period the behavior of each mother was scored every 4 min (15 observations per period × 3 periods per day = 45 observations per mother per day) for the following behaviors: mother off pups, mother carrying pup, mother licking and grooming any pup, mother nursing pups in an arched-back posture (Caldji et al. 1998 ).
Protein Extraction and Western Blotting
Lysates were generated using RIPA buffer (Thermo Scientific) supplemented with 1% protease inhibitor cocktail set III EDTAfree (vol/vol, Calbiochem) . Protein concentration was determined using the Thermo BCA Protein Assay Kit (Thermo Scientific) according to the manufacturer's instructions. Samples were heated at 100°C for 10 min, and 10 μg of total protein was loaded onto 12% acrylamide gel. Then proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore) for 2 h at 56 V in transfer buffer. Membranes were blocked with 5% powdered milk in Tris-buffered saline (TBST) for 2 h at room temperature on an orbital shaker. Then membranes were incubated with primary antibody overnight at 4°C, and washed thrice in TBST for 5 min, and incubated with horseradish peroxidase (HRP)-conjugated IgG secondary antibody for 2 h at room temperature. Chemiluminescent substrate detection reagent (Pierce ECL Western Blotting Substrate, Thermo Scientific) and autoradiography film processing was performed, followed by analysis with Image Lab (Bio-Rad).
RNA Analysis
Total RNA was isolated from snap-frozen brains (at least 3 rats per genotype) using Trizol (Invitrogen) according to the manufacturer's protocol. First strand cDNA was synthesized from total RNA using random primers and SuperScriptIII reverse transcriptase (Invitrogen). Quantitative real-time PCR (qRT-PCR) was carried out using the ABI Prism 7700 Sequence Detection System and SYBR Green Master Mix according to the manufacturer's directions (Applied Biosystems). The primers that we used for qRT-PCR were listed in Supplementary Table 1.
Immunohistochemistry and Confocal Microscopy
Rats were administered ketamine/xylazine (150 mg/kg, 10 mg/kg, respectively) and perfused with 0.1 M PB followed by ice-cold 4% paraformaldehyde (PFA). Brain was postfixed in 4% PFA overnight at 4°C. Tissue was cryoprotected in 10%, 20%, 30% (w/v) sucrose (Sigma) before freezing in OCT. Next, 30-μm slices of the brain were collected and processed as floating slices. Primary antibodies (see Supplementary Table 2 for details) were diluted in blocking solution (0.1% [v/v] Triton X-100 and 10% fetal calf serum in 0.01 M PBS) and applied to slices overnight at 4°C. Then slices were washed and incubated for 2 h with secondary antibodies (see Supplementary Table 3 for details) . Finally, slices were mounted on slides and imaged. Mounted slides were imaged by using an inverted laser scanning confocal microscope (FV1000; Olympus). A total of 3-5 sections were examined per mouse, and 7-12 rats were analyzed per each data point. Confocal images represent projected stacks of 15-45 images collected at 0.5-1.5 μm steps. The cells in mPFC were counted by FV10-ASW (Olympus) and Image J (NIH, http://imagej.nih.gov/ij).
TEM Microscopy
P21 rats were perfused with 0.1 M PB followed by 2% glutaraldehyde/4% PFA in sodium cacodylate buffer. A block of approximately 1 × 1 × 2 mm 3 from the mPFC was dissected out and postfixed overnight at 4°C, then contrasted with 1% osmic acid (vol/vol) in PBS. Tissues were dehydrated in an ethanol gradient from 50-100% and embedded in Epon. Ultra-thin Slices (80 nm) were cut and stained with 2% uranyl acetate (vol/vol) and Reynolds lead citrate, and analyzed with a Hitachi H-7650 transmission electron microscope. The G-ratio was determined by dividing the diameter of an axon (without myelin) by that of the total fiber diameter (axon + myelin sheath) from 150-170 fibers in mPFC.
Valproic Acid and XAV939 Injection
Neonatal pups subject to intraperitoneal injection (i.p.) with valproic acid (VPA) (Sigma, 300 mg/kg weight) (Shen et al. 2005) . Each animal received one injection per day from P3 to P21. XAV939 (Sigma) was dissolved in DMSO to a concentration of 10 mM, then diluted in saline to a concentration of 0.1 μM (Fancy et al. 2011) . Rats were received one injection (i.p., 2.5 mL/kg) per day from P3 to P21. Saline alone was used for control animals. On P21, rats were used for behavior test, Western blotting or perfused with 4% PFA for immunohistochemical analysis.
5-Bromo-2-deoxyuridine Assays
5-Bromo-2-deoxyuridine (BrdU) (100 mg/kg body weight) was administered to rat pups by i.p. 3 h before sacrifice ( protocol 1), or rats were administered BrdU by i.p. from P7 to P21 (once a day, protocol 2). Brain slices (30 μm thick) were prepared as described above. Slices were then washed in PBS and incubated in 0.2% Triton X-100 in PBS for 1 h at 20-25°C. DNA was denatured by 2 successive incubation steps of 10 min in 2 N HCl and neutralized by 2 successive incubations of 10 min in 0.1 M sodium tetraborate ( pH 8.5). Immunohistochemistry and confocal microscopy were conducted as described above.
In Vivo Demyelination
P30 rats were anaesthetized with ketamine/xylazine solution (10 mg/mL ketamine; 1 mg/mL xylazine) and placed into a stereotactic injection apparatus. -α-lysophosphatidylcholine (LPC, EMD Chemicals) was dissolved artificial cerebrospinal fluid (ACSF) containing 124 mM NaCl, 26 mM NaHCO 3 , 1.25 mM NaH2PO 4 , 5 mM MgSO 4 , 2.4 mM CaCl 2 , 3 mM KCl, and 10 mM glucose (at pH 7.4). 2 μL 1% LPC was injected bilaterally into mPFC (the mPFC coordinates were 2.5 mm anterior to bregma; 0.75 mm lateral; and 2.5 mm dorsal to ventral) using a Hamilton syringe (31-gauge Hamilton needle) (Liu et al. 2011; Yuen et al. 2012) . ACSF alone was used for control animals.
Open-field Test
Open-field test was performed as previously described (Han et al. 2012 
T-maze Test
The delayed nonmatch-to-sample task is sensitive to the type of working memory impairment related to PFC damage in all species of mammals. In rodents, this task is usually performed in a T-maze and is one way to evaluate spatial working memory, which is most strongly associated with the PFC (Mizoguchi et al. 2004 ). The delayed nonmatch-to-sample task was performed as described previously (Mizoguchi et al. 2004) . Briefly, animals were fed with a restricted amount of chow throughout the experiment. Water was always available in the home cage. Rats were habituated to the T-maze for 4 days (5 explorations per day). During each exploration, the rat was allowed to explore freely in the T-maze and eat food pellets available at the end of both branch arms. After habituation, the rats were trained to perform the nonmatching-to-place task, in which one branch arm was blocked to force the animal enter the open branch arm, then the animal received one food pellet. After that, all of the blocks were removed and the rat was returned to the start arm and given a free choice of left and right branch arms. Rats received one food pellet for choosing the previously unvisited arm (correct choice), whereas choosing the previously visited arm yielded no reward. Left/right allocations for the test were pseudorandomized over 15 trials per day. Rats were given a 4 min inter-trial interval. This procedure was repeated daily over the next 7 days.
Social Interaction Test
Open-field social interaction test was performed as described previously (Han et al. 2012) . The test was performed in the open field arena that was used for the open field test. An age-and gender-matched rat caged in a rectangular wire mesh cage was used as a social cue. The stranger rat had never been exposed to the test rat. First, the test rat was placed in the open field arena with 2 empty wire cages for 10 min for habituation. Following the 10 min session, a stranger rat was placed in one cage and the test rat was allowed to explore the arena for another 10 min. For the social choice test, a caged familiar rat and a caged stranger rat were placed simultaneously in the opposite side of the quadrant of the arena, then the test rat was allowed to choose either the caged familiar rat or the caged stranger rat. Time spent in the cage-containing quadrant, and time spent in the area 5 cm proximal to the cage were measured. Behaviors were also measured by video tracking software.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 6. The statistical analyses for the developmental studies were evaluated by 2-way ANOVA. Otherwise, unpaired Student's t test was applied. P < 0.05 was considered to be statistically significant.
Results
The Distribution of Myelin in rat mPFC Over the Lifespan
We first assessed the distribution of myelin within the rat mPFC ( Fig. 1A ) over the lifespan. Immunohistochemistry for myelin basic protein (MBP) show that myelination at P7 was extremely low, but increased rapidly after wearing (P21) and peaked in adult (P90), then it gradually decreased in the aged cortex (P300, P400) (Fig. 1B) . To represent relative degree of myelination at different developmental stages, we quantified fluorescent intensity of MBP within the rat mPFC from superficial to deep (Fig. 1C) . Results show that the normalized myelination index within rat mPFC has a quadratic-like (inverted "U") trajectory over the lifespan ( Fig. 1D ; P7, 0.2; P14, 1.0; P21, 2.0; P30, 2.4; P50, 9.2; P90, 10.0; P210, 9.2; P300, 8.0; P400, 7.0; n = 6 rats per group), which is consistent with Western blotting analysis ( Fig. 1E ; E18, 0; P0, 0; P7, 0.19 ± 0.05; P14, 0.37 ± 0.01; P21, 0.48 ± 0.05; P40, 0.91 ± 0.02; P50, 1.0 ± 0.04; P90, 0.90 ± 0.01; P180, 0.90 ± 0.02; P210, 0.90 ± 0.02; P300, 0.80 ± 0.01; P400, 0.55 ± 0.05; n = 9 rats per group). Collectively, these results suggest that rat mPFC at different developmental stages displayed different profiles of myelination and further illustrate the plastic nature of myelin in the mammalian brain.
NMS Induces Hypomyelination in the mPFC
Social experience and neuronal activity significantly influence CNS myelination Makinodan et al. 2012; Gibson et al. 2014) . To explore the effects of NMS on CNS myelination and functions, neonatal rat pups were sexed and randomly assigned to control group (no separation), HC group and NMS group ( Fig. 2A) . We found that the expression of MBP was decreased in the mPFC of NMS rats at P21 ( Fig. 2B, C ; HC, 100 ± 11, n = 10; NMS, 69 ± 7, n = 10; P = 0.0287). Using Western blotting, we further verified that NMS reduced MBP level in the pups mPFC ( Fig. 2D,E ; HC, 100 ± 14, n = 6; NMS, 53 ± 10, n = 8; P = 0.0158). These changes were not specific to males, as decreased MBP was also detected in female rats (Supplementary Fig. 1A , B; HC, 100 ± 12, n = 6; NMS, 49 ± 7, n = 6; P = 0.0043; Supplementary  Fig. 1C ,D; HC, 100 ± 13, n = 6; NMS, 44 ± 6, n = 6; P = 0.0033). To rule out the possibility that the myelination level difference observed in HC group and NMS group could result from increase in the level of maternal care received by the pups that were not removed from the nest. We compared the myelination level in control group (no separation) and HC group. We found that there is no significant difference in the level of myelination between control group and HC group (Supplementary Fig. 2A , B; Control, 100 ± 8, n = 6; HC, 94 ± 6, n = 6; P = 0.5619). And the maternal behavior was not affected by maternal separation (Supplementary Fig. 2C ; M1, 627 ± 38, n = 6; M2, 619 ± 10, n = 6; P = 0.8428; Supplementary Fig. 2D ; M1, 115 ± 28, n = 6; M2, 127 ± 17, n = 6; P = 0.7217; Supplementary Fig. 2E ; M1, 219 ± 18, n = 6; M2, 246 ± 19, n = 6; P = 0.3266).
Ultrastructural analysis further revealed that the myelin sheath integrity is compromised in NMS rats (Fig. 2F) . Quantitative analysis by measuring the G-ratio of myelinated fibers indicate that the myelin sheath thickness was thinner in NMS rats ( Fig. 2G,H ; HC, 0.75 ± 0.02, n = 170; NMS, 0.85 ± 0.03, n = 150; P = 0.0049). While the diameter of myelinated axons were not changed ( Fig. 2I ; HC, 0.79 ± 0.06, n = 170; NMS, 0.81 ± 0.04, n = 150; P = 0.6000). Together, these findings indicate that NMS causes myelination arrest in rat mPFC.
To determine whether the influences of NMS on mPFC myelination will be persistent into adulthood, we examined myelination changes at P60 and found that myelination do not recover with reintroduction into normal environment (Supplementary Fig. 3A , B; HC, 100 ± 8, n = 6; NMS, 54 ± 11, n = 6; P = 0.0070). We then investigated myelination changes in other brain regions at P21 and P60. Immunohistochemistry for MBP show that myelination was not affected in corpus callosum, stratum, and hippocampus in NMS rats compared with HC littermates at P21 (Supplementary Fig. 4A ,B; HC, 374 ± 12, n = 8; NMS, 381 ± 20, n = 8; P = 0.7685; Supplementary Fig. 4C ,D; HC, 352 ± 5, n = 8; NMS, 358 ± 8, n = 8; P = 0.5350; Supplementary Fig. 4E,F ; HC, 100 ± 5, n = 6; NMS, 94 ± 5, n = 6; P = 0.5391) and P60 (Supplementary Fig. 4G ,H; HC, 343 ± 9, n = 5; NMS, 354 ± 7, n = 5; P = 0.3629; Supplementary  Fig. 4I ,J; HC, 55 ± 2.4, n = 5; NMS, 51 ± 3, n = 5; P = 0.3357; Supplementary Fig. 4K ,L; HC, 95 ± 2.5, n = 5; NMS, 94 ± 2.8, n = 5; P = 0.7976). These results indicate that prolonged NMS induces hypomyelination specifically in the mPFC and the effects last into adulthood.
NMS Limits OL Precursor Cells Proliferation and Differentiation
Oligodendrocyte precursor cells (OPCs) arise from neuroepithelial progenitors in the ventral neural tube, they migrate, proliferate, and ultimately differentiate to form mature OLs (Hill and Nishiyama 2014; Dimou and Gallo 2015) . We analyzed the total developmental stages with different cortical deep (500 μm for P7, 600 μm for P14, 700 μm for P21, 800 μm for P30, 900 μm for P50, 1000 μm for P90, P210, P300 and P400; n = 6 rats per group). (E) Western blot analysis of MBP in mPFC at different development ages. Data are shown as mean ± SEM. (n = 9 rats per group), 2-way ANOVA test.
number of OPCs and OLs in the mPFC by Immunohistochemistry (Fig. 3A,B) . We observed that the number of OPCs indicate by NG2 was increased in NMS rats ( Fig. 3C ; HC, 1355 ± 95, n = 12; NMS, 1680 ± 72, n = 10; P = 0.0158). Conversely, we detected a significant decrease in the number of mature OLs (Olig2 + CC1 + ) in NMS rats ( Fig. 3D ; HC, 632 ± 53, n = 12; NMS, 387 ± 70, n = 10; P = 0.0101). While, the number of oligodendroglial lineage cells (Olig2 + ) and mature OLs (Olig2 + CC1 + ) were not affected by NMS in corpus callosum ( Supplementary Fig. 5A ,B; HC, 2280 ± 112, n = 8; NMS, 2260 ± 101, n = 8; P = 0.8964; Supplementary Fig. 5A ,C; HC, 1260 ± 86, n = 8; NMS, 1233 ± 78, n = 8; P = 0.8195). Taken together, these results suggest that lack of mature OLs could account for the hypomyelination in NMS rats.
To determine whether and when OPCs proliferation was impaired, we examined the spatiotemporal profile of oligodendroglial lineage cells (Olig2 + ) proliferation over the period of NMS.
Rats were administered BrdU 3 h before sacrifice and cumulative BrdU incorporation was measured in the mPFC (Fig. 3E,F) . In both HC rats and NMS littermates, the number of Olig2 + BrdU + cells declined with age ( Fig. 3G) . However, Olig2 + BrdU + cells declined more rapidly in NMS rats when compared with HC littermates, especially at P7, P10, P14 and P21 ( Fig. 3G ; P3 HC, 308 ± 16, n = 8; NMS, 299 ± 10, n = 8; P = 0.6407; P7, HC, 178 ± 8, n = 8; NMS, 138 ± 12, n = 8; P = 0.0149; P10, HC, 115 ± 9, n = 8; NMS, 84 ± 3, n = 8; P = 0.0056; P14, HC, 76 ± 4, n = 8; NMS, 60 ± 4, n = 8; P = 0.0134; P21, HC, 56 ± 2, n = 8; NMS, 45 ± 4, n = 8; P = 0.0275). To further examine whether NMS prevents the generation of new OLs, rats were administered BrdU from P7 to P21 (once a day) and cumulative BrdU incorporation was measured at P21 (Fig. 3H ). We observed a significant increase of newly generated OPCs (NG2 + BrdU + ) in NMS rats ( Fig. 3I,J ; HC, 680 ± 87, n = 7; NMS, 1404 ± 176, n = 8; P = 0.0038).
In contrast, the number of newly generated OLs (CC1 + BrdU + )
were significantly decreased in NMS rats ( Fig. 3K,L ; HC, 715 ± 85, n = 8; NMS, 404 ± 86, n = 8; P = 0.0238). However, the number of newly generated oligodendroglial lineage cells (Olig2 + BrdU + , Supplementary Fig. 6A ,B; HC, 532 ± 40, n = 10; NMS, 553 ± 51, n = 10; P = 0.7497) cells and newly generated OLs (CC1 + BrdU + , Supplementary Fig. 6C ,D; HC, 426 ± 73, n = 10; NMS, 512 ± 42, n = 10; P = 0.3207) were not affected in corpus callosum. Together, these observation suggest that NMS impairs OPCs differentiation and dramatically decreases the generation of mature OLs in the mPFC.
NMS Impairs Myelination in a HDAC1/2-dependent Manner
Recent studies revealed that maternal behavior and early-life stress alters DNA histone acetylation (Weaver et al. 2004 ; (n = 7-8 rats per group, 4 litters per group). *P < 0.05, unpaired Student's t test. McGowan et al. 2009 ). Thus, we hypothesized that NMS regulates mPFC myelination might be orchestrated by the activity of chromatin-modifying enzymes required for developmental myelination. A well-studied chromatin remodeling is mediated by histone deacetylases 1/2 (HDAC1/2), which are essential for CNS myelination (Marin-Husstege et al. 2002; Shen et al. 2005 Shen et al. , 2008 Ye et al. 2009 ). To determine whether NMS affected mPFC myelination is mediated by HDAC1/2, we assessed the HDAC1/2 levels in the mPFC by Western blotting. We found a significant decrease of HDAC1/2 in NMS rats ( Fig. 4A,B ; HDAC1: HC, 100 ± 9.4, n = 8; NMS, 59 ± 10.6, n = 8; P = 0.0118; HDAC2: HC, 100 ± 13.1, n = 8; NMS, 60 ± 12.2, n = 8; P = 0.0423). HDACs removes acetyl groups from the tail lysine residues of histone H3, we therefore asked whether the time course of acetyl-histone H3 (Ac-H3) in NMS rats correlated with the pattern of HDAC1/2 expression. As shown ( Fig. 4A,B ; HC, 100 ± 11.2, n = 8; NMS, 182 ± 27.3, n = 8; P = 0.0148), Western blotting using antibodies to Ac-H3 demonstrate increased acetylation in NMS rats. Since acetylation on histones that is often associated with gene activation and repression, qRT-PCR was performed to detect myelin associated genes Mbp and Mobp, as well as OPCs differentiation inhibitors ID2, ID4, Hes1, Hes5. Strikingly, NMS blocks endogenous expression of Mbp (NMS, 42 ± 9.4, n = 8; P = 0.0088) and Mobp (NMS, 33 ± 4.3, n = 8; P = 0.0027) and upregulates the expression of OPCs differentiation inhibitors such as Wnt target genes ID2 (NMS, 194 ± 7.9, n = 8; P = 0.0056), ID4 (NMS, 137 ± 3.2, n = 8; P = 0.0459). In contrast, the Notch effectors Hes1 (NMS, 92 ± 7.6, n = 8; P = 0.7843) and Hes5 (NMS, 102 ± 5.4, n = 8; P = 0.8348) were not significantly changed (Fig. 4C ). Taken together, these results indicate that HDAC1/2-regulated deacetylation of H3 selectively activates expression of OPCs differentiation inhibitors to repress myelination. To further define the functional relationship between histone acetylation and myelination, rats were administered the HDACs inhibitor VPA from P3 to P21 (once a day, Fig. 4D ). The effect of VPA treatment on global histone acetylation was confirmed by increased Ac-H3 expression in the mPFC (Supplementary Fig. 7A,B ; HC, 100 ± 20.6, n = 8; NMS, 310 ± 48.1, n = 8; P = 0.0013). Immunohistochemistry for MBP show that the expression of MBP was significantly decreased in VPA-treated rats ( Fig. 4E,F ; HC, 100 ± 10.3, n = 8; NMS, 48 ± 8.4, n = 8; P = 0.0016). Western blotting of samples from VPA-treated rats also show lower level of MBP ( Fig. 4G,H ; HC, 100 ± 7.9, n = 8; NMS, 38 ± 8.9, n = 8; P = 0.0010). Immunohistochemical analysis show a decrease of Olig2 + CC1 + OLs in VPA-treated rats compared with vehicle-injected controls ( Fig. 4I,J ; HC, 622 ± 77, n = 8; NMS, 282 ± 39, n = 8; P = 0.0015). We next examined the effects of VPA on the newly generated OLs. AS shown ( Supplementary Fig. 8A ,B; HC, 774 ± 81, n = 8; NMS, 387 ± 63, n = 8; P = 0.0021), exposure of neonatal rats to VPA delayed OPC differentiation and decreased the number of newly generated OLs. Injection itself, especially during the early postnatal stages, can affect brain structure. Thus, we compared the myelination level in vehicle (saline) injection HC group and control HC group (no injection). We found that there is no significant difference between vehicle (saline) injection HC group and control HC group (Supplementary Fig. 9A,B ; Vehicle, 100 ± 6.3, n = 8; HC, 96 ± 5.2, n = 8; P = 0.6320). Together, these data suggest that NMS affects mPFC myelination, at least in part, through modulating HDAC1/2.
Inhibition of HDAC1/2 Activates Canonical Wnt Signaling
Canonical Wnt signaling functions as a potent inhibitor of OLs maturation (Fancy et al. 2009; Ye et al. 2009; Yuen et al. 2014) , Wnt signaling activation inhibits glycogen synthase kinase 3β (GSK3β) enzyme and prevents β-catenin degradation, β-catenin competes with HDAC1 and/or HDAC2 to interact with TCF7L2 to inhibit OPCs differentiation (Ye et al. 2009 ). In Figure 4C , we found that NMS increase the mRNA levels of Wnt target genes (ID2/4). To determine whether NMS-regulated hypomyelination is through inhibiting HDAC1/2 to activation wnt signaling. We assessed the expression of GSK3β, β-catenin and P-β-catenin by Western blotting. Here, we found that the GSK3β was markedly reduced in NMS rats at P10 and P21 ( Fig. 4K ; P10: HC, 100 ± 5.1, n = 8; NMS, 61.5 ± 13.4, n = 8; P = 0.0178; P21: HC, 100 ± 12.7, n = 8; NMS, 39.6 ± 7.8, n = 8; P = 0.0012). We further confirmed an increase of the stable form of β-catenin in NMS rats ( Fig. 4L ; HC, 100 ± 16.2, n = 8; NMS, 194 ± 17.4, n = 8; P = 0.0014; P21: HC, 100 ± 11.4, n = 8; NMS, 231 ± 28.1, n = 8; P = 0.0007). To the contrary, the phosphorylated β-catenin (P-β-catenin) was reduced by approximately twofold in NMS rats ( Fig. 4M ; HC, 100 ± 15.2, n = 8; NMS, 46.2 ± 10.3, n = 8; P = 0.01108; P21: HC, 100 ± 12.5, n = 8; NMS, 59.8 ± 8.1, n = 8; P = 0.0173). To further examine whether inhibition of HDACs activity affects Wnt signal transduction. Rats were treated with HDAC inhibitors VPA, and the expression of GSK3β, β-catenin and P-β-catenin were analyzed. We found that GSK3β (HC, 100 ± 7.2, n = 8; NMS, 58.5 ± 12.5, n = 8; P = 0.0122) and P-β-catenin (HC, 100 ± 15.2, n = 8; NMS, 62.1 ± 5.5, n = 8; P = 0.0343) were significantly reduced, while the stable form of β-catenin (HC, 100 ± 16.1, n = 8; NMS, 263 ± 37.5, n = 8; P = 0.0013) was increased in VPA-treated rats (Fig. 4N ,O). Next we examined the level of P-GSK3β, we found that both NMS and VPA treatment can increase the P-GSK3β level in the mPFC (Supplementary Fig. 10A ; HC, 100 ± 6.9, n = 6; NMS, 224 ± 29.6, n = 6; P = 0.0022; VPA, 191 ± 19.4, n = 6; P = 0.0013). To directly show the expression and nuclear translocation of β-catenin, we examined the expression and nuclear translocation of β-catenin and P-β-catenin in OLs by immunohistochemical analysis. We found that both NMS and VPA treatment can increase the expression and nuclear translocation of β-catenin (NMS: HC, 70 ± 6.5, n = 6; NMS, 152 ± 17.5, n = 6; P = 0.0014; VPA: Vehicle, 71 ± 13.2, n = 6; VPA, 154 ± 12.5, n = 6; P = 0.0010) and decrease the expression of P-β-catenin (NMS: HC, 160 ± 20.4, n = 6; NMS, 68 ± 17.1, n = 6; P = 0.0062; VPA: Vehicle, 149 ± 18.4, n = 6; VPA, 60 ± 19.1, n = 6; P = 0.0073) in OLs (Supplementary Fig. 10B-I ). Taken together, these observations suggest that inhibition of HDAC1/2 results in stabilization of β-catenin, leading to Wnt signaling activation and OPCs differentiation failure.
NMS Causes Anxiety Behavior and Impairs mPFCdependent Functions
Myelin plays critical roles in enabling complex neuronal function, including learning and memory, and abnormal myelination is associated with neurological disorders and mental illnesses (Zatorre et al. 2012; Haroutunian et al. 2014; Nave and Werner 2014) . Given the importance of myelin for behavior, we performed behavioral tests to assess mPFC-dependent functions.
In open-field test, NMS rats spend less time in the center (HC, 33.4 ± 5.1, n = 9; NMS, 11.6 ± 2.3, n = 9; P = 0.0013) and more time grooming (HC, 32.7 ± 4.2, n = 10; NMS, 67.2 ± 7.5, n = 10; P = 0.0069) and show increased circling behavior (HC, 16.6 ± 2.4, n = 8; NMS, 49.4 ± 8.5, n = 8; P = 0.0014) (Fig. 5A-C) . These observations indicate that NMS rats exhibit increased anxiety and increased stereotyped behaviors. We next assessed the working memory by T-maze test. We found that NMS decreases correct responses in nonmatching-to-place task ( Fig. 5D ; day 1: HC, 47.5 ± 1.6, n = 10; NMS, 45.7 ± 6.5, n = 10; P = 0.7911; day 2: HC, 60.5 ± 4.6, n = 10; NMS, 46.9 ± 4.5, n = 10; P = 0.0488; day 3: HC, 69.5 ± 5.2, for GSK3β, β-catenin, and P-β-catenin in the mPFC of HC rats and NMS rats at P10 and P21. Data are shown as mean ± SEM (n = 8 rats per group, 4 litters per group). *P < 0.05, **P < 0.01, ***P < 0.001, unpaired Student's t test. (N, O) Western blotting and quantification analysis for GSK3β, β-catenin and P-β-catenin of vehicle treated and VPA treated rats at P21. Data are shown as mean ± SEM (n = 8 rats per group, 4 litters per group). *P < 0.05, **P < 0.01, unpaired Student's t test. n = 10; NMS, 50.3 ± 5.0, n = 10; P = 0.0159; day 4: HC, 76.3 ± 5.9, n = 10; NMS, 56.4 ± 7.4, n = 10; P = 0.0498; day 5: HC, 79.6 ± 7.2, n = 10; NMS, 58.4 ± 6.3, n = 10; P = 0.0398; day 6: HC, 82.7 ± 4.9, n = 10; NMS, 60.7 ± 5.5, n = 10; P = 0.0079; day 7: HC, 89.4 ± 1.6, n = 10; NMS, 70.4 ± 5.8, n = 10; P = 0.0056). We next performed behavioral tests to assess social interaction (Fig. 5E ). We found that both NMS and HC rats had no preference for 2 empty cages, located in the corner during a habituation period (data not show). However, when we put a stranger rat in one cage, HC rats spent more time at the ratcontaining cage (R) than at the empty cage (E). In contrast, NMS rats show no preference for the rat-containing cage ( Fig. 5F ,G; interaction time [HC] : E, 87.3 ± 6.8, n = 12; R, 232.4 ± 8.6, n = 12; P < 0.0001; interaction time (NMS): E, 154.8 ± 7.2, n = 12; R, 163.5 ± 14.1, n = 12; P = 0.5882; interaction ratio (R/E): HC, 3.22 ± 0.64, n = 12; NMS, 1.15 ± 0.27, n = 12; P = 0.0090). When a second stranger rat was placed in the unoccupied cage to assess the discrimination between a new rat (NR) and a familiar rat (FR), HC rats show strong preference for the new rat, but NMS rats do not ( Fig. 5H,I ; interaction time [HC] : FR, 176.5 ± 20.1, n = 12; NR, 290.2 ± 47.3, n = 12; P = 0.0390; interaction time [NMS] : FR, 150.6 ± 7.8, n = 12; NR, 175.0 ± 18.9, n = 12; P = 0.2454; interaction ratio [NR/FR]: HC, 1.49 ± 0.10, n = 12; NMS, 0.98 ± 0.21, n = 12; P = 0.0392). Taken together, these results indicate that NMS rats have profound deficits in mPFC-dependent behaviors.
Myelination is Essential for mPFC-dependent Functions
Do decreases mPFC myelination account for the observed behavioral change in NMS rats? NMS could affect multiple parameters beyond oligodendrogenesis and myelination that are relevant to behavioral performance in the mPFC. Such as alterations in synaptic strength could account for the observed behavioral change.
To address this question, we used HDACs inhibitor VPA, a manipulation that would be expected to enhance synaptic plasticity (Morris et al. 2013) but to block oligodendrogenesis (Shen et al. 2005; Wu et al. 2012; Gibson et al. 2014) . We thus blocked oligodendrogenesis to determine whether it was sufficient to impair mPFC-dependent behaviors. We administered VPA via Figure 5 . NMS rats show anxiety-like behavior, and impaired mPFC-dependent behaviors. (A-C) In the open field, NMS rats spend less time in the center, spend more time circling and grooming than HC littermates. Data are shown as mean ± SEM (n = 9-11 rats per group). **P < 0.01, ***P < 0.001, unpaired Student's t test. (D) In T-maze test, NMS rats show impairment in working memory compared with HC rats. Data are shown as mean ± SEM (n = 10 rats per group, 5 litters per group). *P < 0.05, **P < 0.01, unpaired Student's t test. (E) The protocol of social interaction test. (F, G) When presented an empty box (E) and a stranger rat (R) simultaneously, HC rats preferred to spend time more with the caged stranger, NMS rats have no preference for either cage. Data are shown as mean ± SEM (n = 12 rats per group, 6 litters per group). ****P < 0.0001, n.s.
indicates P > 0.05, unpaired Student's t test. (H, I) When presented a familiar rat (FR) and a novel rat (NR) simultaneously, HC rats preferred to spend more time with caged NR, NMS rats have no preference for either cage. Data are shown as mean ± SEM (n = 12 rats per group, 6 litters per group). *P < 0.05, n.s. indicates P > 0.05, unpaired Student's t test.
intraperitoneal injection from P3 to P21 to block oligodendrogenesis and behavioral performance was assessed. As shown (Fig. 4E,  F) , VPA administration effectively blocked oligodendrogenesis and myelination in the mPFC. We found that VPA treatment significantly impaired mPFC-dependent functions (see Supplementary Fig. 11A : Vehicle, 32.3 ± 4.2, n = 12; VPA, 14.1 ± 2.6, n = 12; P = 0.0013; Supplementary Fig. 11B : Vehicle, 26.8 ± 4.2.1, n = 12; VPA, 52.5 ± 6.7, n = 12; P = 0.0061; Supplementary Fig. 11C : Vehicle, 16.9 ± 4.8, n = 12; VPA, 44.3 ± 4.7, n = 12; P = 0.0005; Supplementary  Fig. 11D : day 1: Vehicle, 47.2 ± 2.1, n = 10; VPA, 45.0 ± 4.4, n = 10; P = 0.6572; day 2: Vehicle, 60.2 ± 8.8, n = 10; VPA, 50.7 ± 2.9, n = 10; P = 0.3188; day 3: Vehicle, 63.5 ± 2.9, n = 10; VPA, 52.4 ± 3.4, n = 10; P = 0.0231; day 4: Vehicle, 77.6 ± 4.7, n = 10; VPA, 55.1 ± 6.0, n = 10; P = 0.0085; day 5: Vehicle, 79.3 ± 1.7, n = 10; VPA, 60.0 ± 6.2, n = 10; P = 0.0077; day 6: Vehicle, 86.2 ± 3.4, n = 10; VPA, 66.5 ± 5.9, n = 10; P = 0.0097; day 7: Vehicle, 92.1 ± 6.7, n = 10; VPA, 71.6 ± 2.4, n = 10; P = 0.0100; Supplementary Fig. 11E ,F: interaction time (Vehicle): E, 83.3 ± 8.4, n = 10; R, 190.5 ± 25.4, n = 10; P < 0.0013; interaction time (VPA): E, 163.6 ± 18.2, n = 10; R, 175.7 ± 15.1, n = 10; P = 0.6151; interaction ratio (R/E): HC, 3.17 ± 0.42, n = 10; VPA, 1.15 ± 0.33, n = 10; P = 0.0014; Supplementary Figure 11G ,H: interaction time (Vehicle): FR, 183.4 ± 27.5, n = 10; NR, 290.5 ± 25.8, n = 10; P = 0.0109; interaction time (VPA): FR, 182.7 ± 15.2, n = 10; NR, 245.1 ± 25.0, n = 10; P = 0.0467; interaction ratio (NR/FR): Vehicle, 1.76 ± 0.13, n = 10; VPA, 1.10 ± 0.28, n = 10; P = 0.0465). As noted above, HDACs inhibition has been shown to improve learning and synaptic plasticity (Fischer et al. 2007; Guan et al. 2009; Peleg et al. 2010; Morris et al. 2013 ) and so the effects of VPA on neuronal plasticity or function would not be expected to account for the blockade of mPFC-dependent functions. Previous studies demonstrated that the Wnt-signaling inhibitor XAV939, which can accelerate OPCs differentiation and myelination. Thus, we examined whether XAV939 treatment could diminish the effects of NMS on myelination and mPFC-dependent behavior? XAV939 was used during the period of NMS. We found that XAV939 treatment partly eliminates the negative effects of NMS on myelination in the mPFC (Supplementary Fig. 12A ,B; NMS + Vehicle, 100 ± 7, n = 8; NMS + XAV939, 133 ± 10, n = 8; P = 0.0171). We further examined the effects of XAV939 treatment on mPFC-dependent behaviors by testing anxiety, working memory, and sociability. Our data indicate that XAV939 treatment diminishes the adverse effects of NMS on mPFC-dependent functions ( Supplementary Fig. 12C : NMS + Vehicle, 11.2 ± 2.7, n = 10; NMS + XAV939, 26.3 ± 3.7, n = 12; P = 0.0047; Supplementary  Fig. 12D : NMS + Vehicle, 62.1 ± 10.8, n = 10; NMS + XAV939, 35.6 ± 3.1, n = 12; P = 0.0190; Supplementary Fig. 12E : NMS + Vehicle, 44.5 ± 6.6, n = 10; NMS + XAV939, 21.7 ± 6.5, n = 12; P = 0.0239; Supplementary Fig. 12F : day 1: NMS + Vehicle, 47.0 ± 5.4, n = 10; NMS + XAV939, 50.2 ± 2.3, n = 10; P = 0.5923; day 2: NMS + Vehicle, 52.7 ± 2.4, n = 10; NMS + XAV939, 56.1 ± 4.1, n = 10; P = 0.4843; day 3: NMS + Vehicle, 51.9 ± 4.2, n = 10; NMS + XAV939, 60.5 ± 1.8, n = 10; P = 0.0761; day 4: NMS + Vehicle, 56.2 ± 6.2, n = 10; NMS + XAV939, 67.2 ± 3.9, n = 10; P = 0.1505; day 5: NMS + Vehicle, 60.3 ± 2.2, n = 10; NMS + XAV939, 74.8 ± 4.4, n = 10; P = 0.0086; day 6: NMS + Vehicle, 63.8 ± 5.6, n = 10; NMS, 81.9 ± 5.8, n = 10; P = 0.0376; day 7: NMS + Vehicle, 67.1 ± 5.9, n = 10, n = 10; NMS + XAV939, 84.6 ± 4.8; P = 0.0336; Supplementary Fig. 12G ,H: interaction time (NMS + Vehicle): E, 146.8 ± 22.1, n = 8; R, 168.4 ± 31.3, n = 10; P < 0.5994; interaction time (NMS + XAV939): E, 86.8 ± 18.2, n = 8; R, 215.4 ± 26.5, n = 10; P = 0.0016; interaction ratio (R/E): NMS + Vehicle, 1.35 ± 0.24, n = 8; NMS, 2.63 ± 0.31, n = 10; P = 0.0064; Supplementary Figure 12I ,J: interaction time (NMS + Vehicle): FR, 68.7 ± 24.4, n = 8; NR, 181.6 ± 19.4 , n = 10; P = 0.6804; interaction time (NMS + XAV939): FR, 188.5 ± 27.9, n = 8; NR, 293.6 ± 36.4, n = 10; P = 0.0432; interaction ratio (NR/FR): HC, 1.07 ± 0.12, n = 8; NMS + XAV939, 1.52 ± 0.14, n = 10; P = 0.0309).
To further demonstrate the role of myelination on mPFCdependent behaviors, we conducted lysolecithin (LPC)-induced demyelination selectively in the mPFC (Fig. 6A) . 7 days after focal injection of LPC into mPFC, rats exhibited severe demyelination in the region of LPC injection (Fig. 6B) . We found that demyelinated rats show severely impairment in mPFC-dependent functions (Fig. 6C : Vehicle, 31.2 ± 5.3, n = 12; LPC, 9.5 ± 4.6, n = 12; P = 0.0053; Fig. 6D : Vehicle, 30.4 ± 5.6, n = 12; LPC, 54.7 ± 7.1, n = 12; P = 0.0135; Fig. 6E : Vehicle, 16.3 ± 4.9, n = 12; LPC, 42.1 ± 5.3, n = 12; P = 0.0017; Fig. 6F : day 1: Vehicle, 52.7 ± 2.9, n = 10; LPC, 48.5 ± 5.3, n = 12; P = 0.5190; day 2: Vehicle, 61.1 ± 5.2, n = 10; LPC, 50.7 ± 0.9, n = 12; P = 0.0435; day 3: Vehicle, 66.6 ± 1.9, n = 10; LPC, 52.9 ± 2.9, n = 12; P = 0.0012; day 4: Vehicle, 72.4 ± 6.9, n = 10; LPC, 55.6 ± 3.2, n = 12; P = 0.0229; day 5: Vehicle, 75.8 ± 3.9, n = 10; LPC, 56.5 ± 4.8, n = 12; P = 0.0065; day 6: Vehicle, 78.8 ± 7.3, n = 10; LPC, 51.8 ± 1.8, n = 12; P = 0.0072; day 7: Vehicle, 83.1 ± 5.2, n = 10; LPC, 59.4 ± 2.1, n = 12; P = 0.0002; Fig. 6G ,H: interaction time (Vehicle): E, 82.5 ± 6.2, n = 8; R, 241.7 ± 26.6, n = 10; P = 0.0005; interaction time (LPC): E, 174.2 ± 16.7, n = 8; R, 176.9 ± 16.3, n = 10; P = 0.9103; interaction ratio (R/E): Vehicle, 3.22 ± 0.55, n = 8; LPC, 1.05 ± 0.21, n = 10; P = 0.0010; Figure 6I ,J: interaction time (Vehicle): FR, 196.5 ± 28.3, n = 8; NR, 301.3 ± 29.9 , n = 10; P = 0.0238; interaction time (LPC): FR, 194.7 ± 32.7, n = 8; NR, 203.9 ± 31.6 , n = 10; P = 0.8436; interaction ratio (NR/FR): HC, 1.67 ± 0.15, n = 8; LPC, 1.06 ± 0.19, n = 10; P = 0.0227). These findings support the interpretation that OLs differentiation and myelination are necessary for mPFCdependent functions. Altogether, our findings indicate that the effects of NMS on mPFC-dependent functions might be caused, at least in part, by alterations in OPC differentiation and myelin development (see model in Supplementary Fig. 13 ).
Discussion
The myelination of axons by OLs was the last major step in the evolution of cells in the vertebrate CNS (Nave 2010) . Myelin abnormalities cause a lot of neurological diseases, and may also contribute to complex neuropsychiatric disorders (Fields 2008; Franklin and Ffrench-Constant 2008) . Formation of complex neural circuitry necessary for high-level cognitive functions also depends on myelination (Nave and Werner 2014) . Previous studies have demonstrated that abnormal myelination was observed in many psychiatric diseases. For example, schizophrenia is associated with abnormal myelination of the prefrontal cortex related white matter. In the present study, we demonstrate that lack of maternal care influences myelination in the rat mPFC. These effects are associated with Wnt signaling in OLs. In addition, we found that LPC-induced demyelination in mPFC is sufficient to impair mPFC-dependent behavior, which indicates that OLs maturation and myelination is necessary for normal cognitive functions.
In humans, myelination of the brain continues through childhood into adulthood and extending until at least age 30 (Fields 2005 ). Our data demonstrate that the developmental trajectory of mPFC myelination in rats is distinct at different development stages, myelination of rat mPFC has a quadratic-like (inverted "U") trajectory across the lifespan. The same pattern of myelin distribution was evolutionarily conserved in primates, including humans (Bartzokis 2012) . However, in our study, the whole mPFC has been analyzed in juvenile while for the adult stages a specific part of it has been included.
Early stressful life may increase the vulnerability to cognitive deficits and psychiatric disorders, such as depression (Lupien et al. 2009 ). Exposure to prolonged maternal separation might have deleterious effects on brain structure and functions, which could be manifested either immediately after stress exposure or as a long-term vulnerability to cognitive deficits in later life (Hsu et al. 2003; Mirescu et al. 2004; Feng et al. 2011; Gee et al. 2013) . Social isolation of juvenile or adult mice induced mPFC hypomyelination and impaired mPFC-dependent social behavior Makinodan et al. 2012 ). The mammalian CNS has an unexpected level of plasticity of myelin (Fields 2005; Gibson et al. 2014; McKenzie et al. 2014; Yeung et al. 2014) . Rats and rhesus monkeys raised in enrichment environment will increase myelination, and these increase correlate with improved cognitive performance on tests of learning and memory (Juraska and Kopcik 1988; Sanchez et al. 1998) . Furthermore, extensive piano playing and doing sports will increase myelination (Bengtsson et al. 2005; Sampaio-Baptista et al. 2013) , and the generation of new OLs and myelin is essential for learning motor skills (McKenzie et al. 2014) .
Here, we demonstrate that rat pups separated from their dam 3 h daily during the first 3 postnatal weeks impairs mPFC functions and myelination that lasts into adulthood. These results suggest that the lack of maternal care during early life may have implications for vulnerability to certain psychiatric disorders. Then, we examined the effects of NMS on OPCs maturation and myelination. We observed that NMS significantly decreases the number of mature OLs (Olig2 + CC1 + ). We further demonstrate litters per group). *P < 0.05, **P < 0.01, ***P < 0.001, unpaired Student's t test. (G-J) LPC injected rats had a profound deficit in social interaction ability. Data are shown as mean ± SEM (n = 8-10 rats per group, 4-5 litters per group). *P < 0.05, n.s. indicates P > 0.05, unpaired Student's t test.
that NMS treated rats show anxiety behavior and have profound deficits in working memory and social behavior. Consider these plasticity of myelination, which hint at something more than a developmental process, it much like synaptic plasticity, is a process influenced by functional interaction with the environment. The plasticity of myelination could be as important as neurotransmitter-based mechanisms of plasticity, such as LTP, which significantly affect the brain's function. HDAC1/2 regulates OLs survival, maturation and myelination. We find that NMS significantly decreased the expression of HDAC1/2 in the rat mPFC. HDAC1/2 regulates OLs survival and maturation through inhibition Wnt signaling. We further demonstrated found that NMS leads to Wnt signaling activation in OLs, suggesting that NMS mediates myelination arrestment through the HDAC1/2-dependent Wnt signaling pathway. Besides, we investigated whether the loss of MBP following NMS was a result of abnormalities in the proliferation of OPCs cells. Our results show that NMS leads to a decrease in the number of Olig2 + BrdU + cells, suggesting that a dysregulation of Wnt signaling could count for the NMS-induced impairment of OPCs cells proliferation and OLs maturation. Myelin plays critical roles in enabling complex neuronal function, including learning and memory, and abnormal myelination is associated with neurological disorders and mental illnesses (Franklin and Ffrench-Constant 2008; Nave 2010; Nave and Werner 2014) . Given the importance of myelin for behavior, we performed behavioral tests to assess mPFC-dependent function. We found that NMS rats have profound deficits in mPFCdependent behaviors. Does decreased myelination in mPFC account for the observed behavioral changes in NMS treated rats? NMS could affect multiple parameters beyond oligodendrogenesis and myelination that are relevant to mPFC-dependent behavioral performance, such as alterations in synaptic strength and neuron connections. Finally, we demonstrated that oligodendrogenesis and myelination appear necessary for mPFC functions, as epigenetic blockade of OL differentiation or LPC-induced demyelination in the mPFC, impairs mPFC-dependent behavior. The potent effects of NMS on OPCs proliferation, oligodendrogenesis and myelination could have broad social implications, the translational application of our findings supports the importance of maternal care to infants.
To further investigate the involvement of Wnt signaling in mPFC myelination, we asked whether inhibition Wnt signaling by XAV939 could eliminate the effects of NMS on the myelination and mPFC-dependent behaviors. We found that inhibition Wnt signaling eliminates the negative effects of NMS on mPFC myelination and mPFC-dependent behavior. These results indicate that inhibition Wnt signaling can reversibly rescue mPFC hypomyelination and cognitive deficit in NMS rats. We propose that NMS leads to decreased HDAC1/2 expression and Wnt signaling activation in the mPFC, resulting in incomplete OPCs cells maturation and hypomyelination. Nevertheless, the possibility that other molecular events also contribute to the effects of NMS on myelination should not be dismissed.
How might myelin defects affect cognitive function more generally? One scenario is that thinner myelin changes conduction velocity of myelinated mPFC axons, which leads to abnormal information processing, which in turn contributes to the deficient cognitive functions. Several psychiatric illnesses, such as schizophrenia, are associated with defects in myelin (Sokolov 2007) . Moreover, the new myelin generation is essential for learning (Long and Corfas 2014; McKenzie et al. 2014) . And myelin appears to be particularly vulnerable to adverse life experiences, such as social isolation Makinodan et al. 2012 ), these evidence together with our present study may help explain some of the cognitive disturbances associated with psychiatric disorders happened on the "left-behind children".
In conclusion, these results presented here demonstrate that NMS impairs OPCs differentiate and myelination in the mPFC and that persists into adulthood. These changes in myelin and myelin-forming cells are associated with impaired mPFCdependent behaviors that can be mimic by inhibition of OL differentiation and myelination. From the perspective of the exceptionally plasticity of myelination, the development and maintenance of myelin's functional integrity may be the single most important and vulnerable element for acquiring and maintaining optimal cognitive and behavioral function. Our findings are relevant not only to the understanding of etiology of NMS on the developmental progression of OPCs into mature OLs, but also demonstrate the importance of myelination for the normal brain functions.
